InTroduCTIon
Approximately 10% of children aged 5-16 years in the UK have a mental health disorder, 1 with the consequences of ignoring mental health disorders in early years increasingly recognised. 2 3 Mental health problems in young people are associated with poor physical health and negative psychosocial outcomes throughout the life course, including lower educational qualifications, unemployment or underemployment, teenage parenthood, criminal convictions, and psychiatric disorder. 2 3 There is a growing body of evidence that suggests formal physical activity (PA) via aerobic, resistance and circuit training, as well as recreational and leisure time PA, such as sports participation and unstructured play, are associated with improvements in child self-esteem and psychological health. [4] [5] [6] [7] Conversely, low levels of PA are associated with poorer psychological well-being in children. 4 8 9 Other studies have also shown that increased sedentary time in children is associated with poor mental health, particularly emotional and peer problems. 8 10-12 Sedentary and particularly screen time has been identified as a risk factor of psychological distress in children, and may interact with low levels of PA to increase risk. 5 Proposed psychosocial and physiological mechanisms suggest that PA can improve mental health via increased self-efficacy and confidence, reduced stress and anxiety, better social support and relationships, and increased secretion of endorphins and monoamine transmission. 13 14 Much of the existing evidence is cross-sectional 4 5 8 9 ; thus, children with psychological disorders may experience decreased motivation or ability to engage in PA, rather than the psychological disorder being symptomatic of PA levels. Also, PA and sedentary time are frequently measured using indirect methods such as parent report or self-report, which can lead to poor estimation of PA when compared with objective measures. 15 16 Randomised controlled trials and intervention studies have shown that depression, anxiety and self-esteem are all improved by PA, 7 but these conclusions cannot be generalised to the broader population due to the small and non-representative samples used.
The present study addresses some of these research gaps by estimating the effects of objectively measured PA on child mental health, using longitudinal data from a nationally representative cohort of UK-born children. We estimate the effect of PA levels at age 7 on mental health at age 11, measured by the individual subscales of the Strengths and Difficulties Questionnaire (SDQ). By adjusting for baseline mental health status at age 7, we can attribute change in SDQ score to PA and sedentary time. Based on the literature, we hypothesised that higher activity levels in children would be predictive of fewer peer and emotional problems and more conduct problems and hyperactivity, and that increased sedentary time would mirror these relationships.
MeThods Participants
We used data from the Millennium Cohort Study (MCS), a nationally representative longitudinal study of children born in the UK between September 2000 and January 2002. Children were oversampled from disadvantaged wards across the UK, ethnic minority areas in England, and from Scotland, Wales and Northern Ireland. 17 Data were collected on a range of topics that cover child and family health and the families' wider social circumstances. At the first contact (MCS1), when the children were 9 months of age, 18 552 families were interviewed. A further five surveys have since been carried out when the children were 3, 5, 7, 11 and 14 years of age. We examined PA data from the fourth sweep (MCS4), which took place at age 7. Of the 7704 children who returned accelerometers with at least 1 hour of wear time, after applying cleaning procedures, 18 excluding invalid PA data and removing children who did not participate in the study at age 11 (MCS5) (n=522), the final sample size for the present analysis was 6153 (see figure 1) .
Data for this analysis are publicly available and obtained from the UK Data Archive, University of Essex. Informed written consent to participate in the PA monitoring portion of the study was given by parents or guardians at the age of 7 interview.
outcome variables: sdQ
At ages 7 and 11, the child's main caregiver completed the SDQ, which is a tool used to assess mental health and behavioural problems in children and adolescents (4-17 years). The SDQ consists of four subscales that rate areas of difficulties (emotional symptoms, conduct problems, hyperactivity and peer problems), with each consisting of five items on a 3-point scale. Individual item scores are then summed to produce a component score for each scale. The sum of these components then produces a total difficulties score. The SDQ has been widely used by researchers and clinicians and has been normalised for the UK population. 19 All SDQ difficulties subscales were separately considered as continuous outcome variables in addition to the total difficulties score in the analyses reported here. exposure variable: objectively measured PA PA and sedentary time were measured using the ActiGraph GT1M uniaxial accelerometer (ActiGraph, Pensacola, Florida, USA). The ActiGraph accelerometer has been validated in children and used in large-scale epidemiological studies. [20] [21] [22] As part of the age 7 survey, children were invited to participate in the PA monitoring study. Children wore accelerometers between May 2008 and August 2009. These were programmed with 15 second epochs and also recorded step counts. Children were instructed to wear the accelerometers for seven consecutive days during waking hours, except during swimming and bathing.
Cleaning and processing of the raw accelerometer data were undertaken by the research team at the Institute of Child Health (ICH). 18 Cut-offs based on a calibration study conducted by the ICH team were established for counts on the accelerometer at <100 counts per minute (cpm) for sedentary behaviour, 100-2240 cpm for light activity, and 2241-11714 cpm for moderate-to-vigorous physical activity (MVPA). 23 A reliability study found that values in excess of 11714 cpm were likely to be spurious, so these were removed (0.7% of all non-zero accelerometer counts obtained). 24 Non-wear time was defined as any period of consecutive zero counts of at least 20 min. 18 A reliability study determined that participants were required to have recorded a minimum of 10 hours of wear time on at least 2 days in order to be included in the final data set. 25 Summary measures for mean daily minutes spent in sedentary time, light activity and MVPA were calculated and standardised for wear time. To make the units more meaningful in the context of activity duration in analyses and to approximate the SD, sedentary time, light PA and MVPA minutes were divided by 60 min, 30 min and 15 min, respectively.
Confounding factors
Based on existing evidence, potential confounding factors were selected a priori. [26] [27] [28] Child characteristics included season of Child and adolescent health accelerometer wear, ethnicity (white, mixed, Indian, Pakistani or Bangladeshi, black or black British, other), exact age, whether long-standing limiting illness (LSLI) affects activity (no LSLI, not at all, a little, a lot), whether the child has special educational needs (SEN), child's cognitive ability (age-standardised reading ability and pattern construction from the British Ability Scales), self-esteem (revised, five-item version of the Rosenberg Self-Esteem Scale, alpha=0.679) and weight status (not overweight or overweight/obese). Maternal characteristics included employment (in work or not), depression (measured using the Kessler (K6) scale and dichotomised to no increased risk of mental illness or increased risk of mental illness) and educational attainment (degree-educated or not). Household factors included family structure (both natural parents resident full time or not), number of siblings and income poverty (household income below 60% of the UK median household income). Time-varying characteristics (LSLI, SEN, self-esteem, weight status, maternal employment, maternal depression, family structure, number of siblings, income poverty) for children and families were measured when the children were aged 11 years, except for children's cognitive ability, which was measured at age 7.
statistical analyses
In all inferential procedures, the stratified cluster sampling design of MCS study, as well as attrition between contacts at successive MCS sweeps and missing accelerometer data, were taken into account using the Stata command svyset. 18 Given established differences in both SDQ scores and PA levels between boys and girls, all models were stratified by sex. 29 30 Descriptive characteristics of the sample were survey-weighted relative frequencies for categorical variables and means for continuous variables. χ 2 tests and independent t-tests were performed to measure differences between boys and girls.
Linear regression models were fitted to assess the association between sedentary time and PA at age 7 and SDQ scores at age 11. Minimally adjusted models were run (adjusting for age, season and SDQ total difficulties score at age 7), and fully adjusted models included the remaining potential confounders described above.
All regression models were initially fitted in the complete case sample. For the prospective analyses, the exposure variables were fully observed; however, around 147 (2.4%) children had missing data for SDQ outcomes and up to 414 (6.7%) for covariates. Full details of missingness are shown in table 1. Multiple imputation analysis was performed to mitigate possible bias due to item non-response. Twenty imputed data sets were built using the weighted iterative chain algorithm, and estimates were combined using Rubin's rule. Regression model results presented below were estimated using imputed data.
Analyses were conducted using Stata V.14.
resulTs sample characteristics
The mean SDQ scores for peer problems, conduct problems, hyperactivity and total difficulties were higher for boys than for girls (P<0.01). There were no significant differences between boys and girls in emotional problems.
Half of the children (50.7%) met the cut-offs of at least 60 min MVPA per day, but only 38% of girls met the guidelines compared with 63% of boys (data not shown). The mean daily number of sedentary minutes was higher for girls than boys (399.09 compared with 382.05), and boys spent more time at both light PA and MVPA intensities than girls-these differences were statistically significant (P<0.05).
The majority of children were white (85.1%). Of the children, 18.8% were living in poverty, 9.7% had SEN and 12.6% had an LSLI. By MCS5 (age 11), 18.9% of mothers were educated to degree levels, 68.7% were in work and 5.6% were at risk of serious mental illness. Of the children, 64.0% were living with both natural parents and 88.2% had at least one sibling.
Full results of the descriptive analyses are presented in table 1. 
Multivariate linear regression results

dIsCussIon
In this paper we observed that objectively measured sedentary time and PA levels at age 7 were associated with specific domains of mental health functioning at age 11. Evidence of beneficial effects of any PA intensity on peer problems for boys and of light activity for girls was observed. Sedentary time was associated with more peer problems in both boys and girls.
Increased sedentary time was associated with lower hyperactivity, while PA at any intensity was associated with higher hyperactivity scores, and in boys more MVPA was associated with more conduct problems. Cross-sectional analyses in the MCS examining the relationship between SDQ and PA found that higher externalising scores in both boys and girls were associated with less sedentary time at age 7. 31 Conversely, other cross-sectional studies found higher hyperactivity scores in sedentary children 8 32 ; however, the measure of sedentary activity was reported screen time, which may explain the differences in findings from the present study. Sedentary time spent doing homework or reading may have different mental health effects than screen time. Similar findings were reported in a longitudinal study using questionnaire-reported PA, which found that children who were more active at baseline had 33 With hyperactivity, the challenge in ascribing causality with both the possibility of residual confounding and the absence of PA measures at an earlier time point is discussed in the literature, as well as the possibility that hyperactive symptoms are simply being misclassified as PA. 8 31 33 Accelerometer-measured MVPA has been associated with improved emotional health in a cohort of 8-year-old Finnish children, and inversely correlated with internalising difficulties in children 10-11 years old in the Avon Longitudinal Study of Parents and Children. 4 10 Findings from the present analysis show no evidence of an association between MVPA and emotional problems in the fully adjusted models. In girls, this was surprising as studies have shown that the relationships between PA and emotional health were more pronounced in girls than boys. 8 Evidence of relationships between PA and peer problems was present in both boys and girls, although these differed by PA intensity, where only light activity was significant in girls. The literature supports these findings: sport-specific activity usually at the moderate-to-vigorous intensity was found to be protective in boys but not in girls. 34 Sedentary time was positively associated with boys' and girls' peer problems in this study, but Hinkley et al 11 found only girls' peer problems were affected by sedentary time.
The mechanisms behind these sex differences are complex and likely influenced by social and cultural norms, but it has been suggested that PA expectations may be different for boys and girls, and as a result can operate on mental health through different pathways. 30 For example, boys may be faced with more pressure or be expected to participate and perform well in organised sports or active games both in and outside of school. 35 In turn, this could lead to the consistently significant relationship of PA with peer relations in boys observed in this study.
The relationship observed in girls is also important as it highlights the potential benefits of PA for peer relations in girls, who are less likely to be active. Qualitative work has shown that girls feel less supported in PA pursuits, 36 and the absence of expectation to participate might result in fewer benefits for their mental health-this might be some indication as to why there were no significant relationships observed for girls and MVPA, barring that observed with hyperactivity. Given that girls were less likely to engage in MVPA, there may not have been sufficient data to allow any significant relationship to show in this domain.
A number of studies have reported no associations between PA and SDQ total difficulties. 10 33 37 Given that, as we showed, the associations for the internalising and externalising subscales tended to be in opposite directions, it is conceivable that, as in this study, any effects were likely neutralised.
strengths and limitations
To our knowledge, this is the first study to explore the effects of objective PA on mental health using longitudinal measures in a nationally representative, UK-based sample of children. By incorporating SDQ measures at age 11 and adjusting for previous mental health status, this study uses longitudinal data from the MCS to understand how PA might affect mental health through time. While other studies have reported relationships between PA and SDQ total difficulties only, with potentially important relationships going unobserved, this study reported estimates for all SDQ subscales. In doing so, this study showed that PA is potentially related to different aspects of mental health functioning in children. Griffiths and colleagues 31 used MCS data to explore the association between PA and child mental health as measured by the SDQ internalising, externalising and total difficulties scores, but in the opposite direction: how longitudinal SDQ scores influence MVPA and sedentary levels at age 7.
In this study, PA and sedentary time were not included in the same models for both statistical and theoretical reasons. The objective PA and sedentary variables are examples of compositional data (where each comprises a proportion of a day), which have a negatively biased covariance structure and standard statistical methods should not be used. 38 Collinearity is also problematic in simultaneously adjusting for compositional data. 39 On the theoretical considerations, Page et al 39 point out that if PA is not a common cause of sedentary behaviour and the outcome, and is not an effect of sedentary behaviour on the causal pathway to the outcome, there is no need to adjust for it. 39 The objective PA measures were only available at age 7; thus, the effect of patterns of objective PA over time cannot be estimated. PA measures at multiple sweeps would allow for further longitudinal analyses and could highlight possible causal pathways.
A limitation of this study is the level of non-response (did not participate or did not return the monitor) and non-compliance (did not follow the indication to wear the monitor for seven consecutive days during waking hours) in the PA monitoring. We used an inverse probability weighting approach to partially remove the selection bias due to non-response and non-compliance 40 ; in particular, we used the specific inverse probability weights calculated for the MCS PA study 18 on which the probability of having accelerometer data is predicted from a set of auxiliary variables.
An important strength of this study is its use of objective PA measures, which helps limit some of the biases inherent in reported measures of PA. However, with accelerometer measures, the characteristics and context of the PA measures are unknown, and these could be important to understanding the PA-mental health relationship.
In a study examining the relationship between PA and cognition in children, Aggio et al 41 found that objectively measured PA was inversely associated with cognition, while frequency of sports club participation increased cognitive scores. Sports clubs, as opposed to playing sports with friends or family, tend to be more structured, interactive, strategic and goal-oriented, which help develop cognitive function. 42 These contextual differences in sport might affect mental health similarly to cognition. Girls are less likely to engage in organised sports and so an hour of MVPA might not impart the same benefits.
As with PA, the context of sedentary time is important and this analysis cannot capture the quality of the sedentary activity undertaken. Page et al describe a low correlation between sedentary time and screen entertainment, with the view that sedentary time and sedentary behaviours are different constructs. 10 Summary measures of sedentary time may in fact be conflating behaviours that affect mental health in opposing directions.
In conclusion, these findings suggest that higher levels of PA at age 7 lower peer problems at age 11, while more sedentary time is associated with more peer problems for both boys and girls. Caution must be taken when interpreting the association between objectively measured PA and hyperactivity and What is already known on this subject ► Existing research suggests that children who engage in higher levels of physical activity (PA) have better mental health than their less active counterparts. However, few studies have been carried out using objective PA measures, particularly in large, nationally representative samples. To our knowledge, no studies have used longitudinal data to estimate the effect of PA on change in child mental health.
What this study adds
► Peer problems decreased with more time at light PA and MVPA in boys, but light PA only in girls. Increased sedentary time was associated with more peer problems in both boys and girls. There was no evidence of any effect of sedentary time or PA on emotional health in children. Higher scores for hyperactivity were positively associated with both light PA and moderate-to-vigorous physical activity (MVPA), and inversely associated with sedentary time. Higher MVPA levels were associated with more conduct problems in boys only. Caution should be exercised when interpreting effects of objective PA on hyperactivity because of how externalising symptoms are recorded. Decreasing sedentary time and increasing PA at both light and moderate-to-vigorous intensities may help to improve peer relations in children.
conduct problems because of how externalising symptoms are recorded. Policies aimed at increasing PA levels in children should consider the importance of activities that foster peer interaction and social inclusion. Further work should be carried out to investigate how the context of PA affects child mental health.
